decrease steadily to a minimum, beyond which it will just as steadily increase again (see Hecht, 1934) .
Very recently Wolf (1933a, b) published measurements of intensity discrimination with bees, and Hecht and Wald (1934) with Drosophila, which show that the fraction zXI/I, after reaching a minimum, remains constant, and does not increase again as the intensity continues to increase. Wald and I paid particular attention to the possibility of a rise of aI/I at the highest intensities, but though we tested intensities even 10,000 times higher than the one at which the minimum becomes established, we found no trace of an upturn in
I/I.
Clearly the data for these two insects do not conform to previous theoretical formulation, and it becomes necessary to reconsider the basis of visual intensity discrimination.
II

Basic Requirement
The measurements with Drosophila and with the bee were made by the method of moving stripes originally developed for the bee (Hecht and Wolf, 1929) . The insect is confronted with a visual field composed of stripes which, when moved, elicit a movement of the animal opposite in direction to the stripe displacement. The stripes are arranged to radiate any fraction of the intensity of light coming from the intervening clear spaces, and the measurements consist in finding the least difference &[ between the light intensity I coming from the stripes and the intensity I+aI from the clear spaces, which will just barely elicit a response from the insect when the pattern is moved.
It is important to recognize that the response of the animal follows immediately upon the movement of the pattern. A group of om~ matidia, which have been exposed to the intensity I, are subjected to the higher intensity I+M by movement of the pattern, and at once the insect responds. ~ Thus, though the ommatidia have been adapted 2 It makes no difference whether intensity discrimination is viewed in this way or in terms of a decrease in brightness ("shadow response"). In the latter case, a group of ommatidia is considered as adapted to I and then suddenly exposed to I -AI. The resulting critical equation (9) for the two formulations differs only in sign.
to the intensity I, the immediate response of the insect precludes their adaptation to the higher light intensity I+~I. The inner change in the ommatidia v~kich initiates the events resulting in a response must therefore take place immediately when the outside light is changed from I to I+~I. It is the properties of this initial event which form the basis of the present theory of intensity discrimination.
III
Derivation of Equations
The most general ideas about the photoreceptor system of organisms require the presence of (a) an inactive photosensitive substance which absorbs light in order to be changed by it into an active substance responsible for initiating the train of events which end in a nerve impulse, and (b) some process for maintaining a supply of the sensitive material, since otherwise it would be used up and the process would come to an end. Essentially, this is the reversible photochemical system which has served in the theoretical treatment of a variety of visual and other photosensory data (Hecht, 1934) . Obviously the photoreceptor system is more complicated than this and contains more than a reversible photochemical reaction. For our present purposes, however, it is not necessary to investigate anything beyond this very first step in the process, since by itself it yields equations which describe the data adequately.
Consider a reversible photochemical system of which the sensitive material S is changed by light into the photoproducts P, A, B, .... , some of which under proper conditions reunite to form the sensitive m~terial from which they were derived. Let the total initial concentration of S be a, and the concentration of P, A, .... at the moment t be x. The velocity with which the whole process will go on under the inf}uence of light of intensity I will be
(1) dt where m and n represent the order of the photochemical and the dark reactions respectively, and kl and k, are their velocity constants, kl including the absorption coefficient. If the light continues to shine, dx/dt becomes equal to zero, and a stationary state is reached such that the apparent concentrations of sensitive material and decomposition products remain constant. Equation (1) then becomes klI(a --x)" = k2x ~' (2) which, when kl/k2 is written as K, assumes the form
and is the familiar, but generalized stationary state equation.
Let this photosensory system at the stationary state of equation (3) be exposed to light of intensity I+AL At the very first instant of exposure the velocity with which the sensitive material will be decomposed is dx --= k~(t + M)(a -x)" -k~ dt which says that the initial rate of photochemical decomposition on the introduction of the higher intensity to the photochemical system at the stationary state is proportional to z~I times the concentration of sensitive material at the stationary state. For Drosophila and the bee, the sensory recognition of this increase in intensity occurs immediately after the increase is made. Therefore some property of the initial photochemical velocity as shown by equation (5) is the basis for the recognition of the difference between I and I+~I. Let us assume that for the intensity I+z~I to be distinguished from the intensity I, the initial rate of decomposition of the sensitive material on the addition of z~I is the same no matter what the intensity I may have been.* This is equivalent to writing
where c is a constant. This constant c is formally equal to the initial rate dx/dt; this may possibly mean that in a very short time h~, which for all practical purposes is near enough to dr, a constant photochemical change &x has to be accomplished by the addition of 41, in order that the animal may just discriminate between two intensities. Since, from equation (6) and from equation (3) C ~t =
X n z = (8)
we get, by dividing (7) by (8) and remembering that K = kl/k2,
as a description of AI/I in terms of the general ideas we have just considered. In order to test these ideas with data it is necessary to try specific values for m and n in equations (8) and (9). In this way we eliminate x and derive 4I/1 as a function of I. It is in this form that the data exist. The simplest case is when m = n = 1, that is when both the then, that to distinguish I + t3 from I the initial velocity dx/dt instead of being constant is proportional to x, or to x alone. In the first case, equation (5) becomes klAI(a-x) '~ = hx, where h is a constant. Thus A/ = hx"/kl(a-x) ~ = hI/kv When both sides are divided by I this gives aI/I = h/kl which we know is not true experimentally. In the second case equation (5) becomes klM(a-x) ~ = hx. Solving for AI and dividing by I we get AI/I = h/k~x ',-x as the general expression corresponding to (9). Assuming m = n = 1 makes AI/I = h/k2 which again is not true experimentally. Assuming m = n = 2 and m --1, n = 2 gives expressions for M/I which are the same as (13) and (15) but without the square exponent on the right side. Plotted as log M/1 against log I these expressions yield curves whose slopes are exactly half of those given by equations (13) and (15) and by the measurements. In other words they fail completely to describe the data. It may be added that quite a variety of assumptions have been similarly tested and have been discarded. an expression similar in many respects to (11). Like (11) it may be plotted in logarithmic form as the curve marked 2, 2 in Fig. 1 , in which case its precise shape is independent of the constants K and c/a2k2.
The unsymmetrical case of m = 1 and n = 2 gives the following value of x from equation (8) 
which may then be put into equation (9). This becomes transformed into zXI c 4 (15)
an equation which may be plotted logarithmically (the curve marked 1,2 in Fig. 1 ) in the same way as (11) and (13). The unsymmetrical case when m = 2, n = 1 is not developed here because none of the data to be considered are exclusively fitted by the resulting equation. In all cases the total concentration of sensitive material is put at 100 per cent; thus a = 1.
\,
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FIc. 1. The relation between M/I and I in terms of the theoretical equations. Drawn on a logarithmic grid, the curves have a shape which is independent of any constants in the equations but is determined by the order of the light and dark reactions of the photosensory system, as shown by the numbers attached to the curve. The first number gives the order of the light reaction; the second of the dark reaction. Curve 1,1 is from equation (11); Curve 1,2 from equation (15); and Curve 2,2 from equation (13).
The curves derived from equations (11), (13), and (15), and shown in Fig. 1 are obviously of the same family. The two corresponding to m = n = 1 and m = 1, n = 2 are very similar, and a decision as to which applies to a set of data can be made only when the measurements are very precise and cover the greater part of the curve. Apparently their common value of m determines the specific properties of the resulting AI/I curve, because the one corresponding to m = n --2 is distinctly different from both because of the gradual way in which the descending portion joins the horizontal portion of the curve. As a result there is little difficulty in deciding whether a set of data is fitted by it or by the other two curves. 4 iv
Inserts
The theoretical behavior of AI/I in all three curves of Fig. 1 resembles the actual behavior of AI/I for insects. The data for Drosophila are shown in Fig. 2 . Through them is drawn the curve for AI/I in accordance with equation (11). The fit with this equation is slightly though not decisively better than with equation (15) ; equation (13), however, is definitely ruled out. The choice of equation (11) instead of (15) rests on the fact that the relation of the visual acuity of Drosophila to intensity is described with fine precision by an equation of the form KI = x/(a -x), and not at all by KI = x~/(a -x) (Hecht and Wald, 1934) . Fig. 2 shows that the present theoretical formulation for intensity discrimination accurately describes the data of Drosophila.
The first measurements of intensity discrimination of the bee made by Wolf (1933a) , and reproduced in Fig, 3 by black circles, are too scattered for a critical choice among the theoretical curves. The later measurements (Wolf, 1933b) , shown in Fig. 3 by clear circles, are smoother, more numerous, and more critical than the first ones. Of the three theoretical curves, only the one from equation (13) can be drawn through them. The exactness of fit is obvious. Because of the adequacy of equation (13) for the later data, the same curve is drawn through Wolf's earlier data, though the measurements themselves give no warrant for a choice among the three equations.
4 The relations between M and I in the above equations may be plotted in a variety of ways. The logarithmic form here used was chosen because it showed so easily which of the three equations (11), (13), and (15) fit a set of measurements, The curves of the equations are drawn on individual sheets of coordinate paper. The data, plotted on the same scale on a similar sheet, are compared with the three curves by transmitted light. Because of the logarithmic plot the theoretical curve may be moved in all directions--provided only that the axes of the two graphs are kept parallel--and clearly demonstrates when it does or does not fit a given set of data.
V Mya
It is not surprising that the present theoretical formulation fits the data for Drosophila and for the bee. The method of experimentation, which relies on immediate changes produced by the added light, is
FIo. 2. The data of intensity discrimination of Drosophila. The theoretical curve is from equation (11) and is the same as 1,1 in Fig. 1 .
responsible for equation (4) which, with equation (6), are the critical equations of the theory. It is revealing to examine the other available data of visual intensity discrimination in the light of the new ideas.
The measurements of intensity discrimination with Mya made ten
years ago (Hecht, 1924a ) also record immediate responses to an increase in the intensity of illumination. Mya was first adapted to a 'll \ '\
Wolf's measurements of the intensity discrimination of the honey bee. The black circles are the data from the first paper; the plain circles from the second paper. The numbers attached to the curves are the visual acuities multiplied by 1000 and are inversely proportional to the size of the stripes used for the measurements. The same theoretical curve is drawn through all the data; it is Curve 2,2 of Fig. 1 and represents equation (13), given intensity; then an additional intensity was abruptly added, and the reaction time of the animal to the added intensity measured. This was done for three different values of the added intensity for each of seven adapting intensities. By plotting reaction time against added intensity for each adapting intensity, it was possible to derive graphically the intensity required to be added to each adapting intensity in order for Mya to respond at the end of a specific reaction time. adapting intensity I required for five different reaction times. As before the data are in the form of log aI/I against log I, from which it appears that the relationship is the same for all reaction times.
The experimental procedure with Mya records the immediate response of the animal. We may therefore expect the present theoretical formulation to apply. The curves drawn through the data in Fig. 4 are all from equation (13), which is the only equation of the three to fit them. To derive equation (13), n --m --2. That n = 2 for Mya is not surprising since the dark reaction has long been known to be bimolecular (Hecht, 1918) . The fact that the purely photochemical reaction is also of the second order emerges for the first time from this theoretical treatment.
The data for Mya in Fig. 4 reach just to the tantalizing minimum of the theoretical curve. The added illuminations aI at this point are of the order of 10,000 meter candles, which were the highest intensities available at the time. It is obviously necessary to determine whether ~I/I remains constant at still higher intensities, and experiments will have to be devised in which more powerful beams of light can be used with this animal.
vI
Human Eye
The proposed theory of intensity discrimination has been successful in accurately describing the data of Drosophila, of the bee, and of Mya.
Can a similar theory be applied to the human eye? On first impulse the answer appears to be no. Measurements of visual intensity discrimination are usually made with a bipartite test field of which one side has an intensity I and the other an intensity I~I. The procedure seems to involve the simultaneous and complete adaptation of the correspondingly juxtaposed retinal areas to their respective intensities, 5 whereas our critical equations depend on the initial effect 5 The formulation of intensity discrimination made ten years ago (Hecht, 1924 b; rests on this basis. It was then assumed that the eye will just discriminate between two intensities when their corresponding stationary states differ by a constant amount of photoproducts. Such a formulation predicts a rise in AI/I at high intensities (eft especially Hecht, 1934) . It seemed to apply to Mya because the data extend only to the minimum, as Fig. 4 shows. It also seemed to describe the data of Koenlg and Brodhun when the usual assumption is made that the rods and cones function independently, and ff the data are corrected for variable pupil. Since then, the pupil correction had to be discarded, first because Koenig and Brodhun apparently used an artificial pupil (Koenlg, 1897, footnote), and second because Schroeder (1926) and Stiles and Crawford (1933) found such corrections to be inadequate. Furthermore, as will presently be apparent, the upturn of ~I/I at high intensities is probably spurious, and does not appear under properly controlled conditions. of the added intensity 41 to produce the significant difference between the two just perceptibly different intensities.
It is possible, however, that this antithesis is more apparent than real. In making the measurements, the eye looks at and becomes adapted to the intensity I which prevails on both sides of the field. Then the intensity on one side is raised slightly, and a judgment is made as to whether there has been a perceptible increase in brightness. The procedure is continued until the minimum increase is found which is clearly recognizable not only at once but on continued examination. It is to be noted, however, that any continued study of the field involves the usual and persistent eye movements which expose fresh portions of the retina to the higher intensity, while the general state of adaptation of the retina still corresponds to the lower intensity. If this is correct, then recognition of 41 may involve initial rather than final effects even with the human eye. Certainly no harm can be done by testing the data in terms of the equations.
The existing material on the human eye is quickly summarized. The first quantitative measurements were made by Aubert in 1865, and effectively disposed of Fechner's idea that AI/I is constant.
Twenty-five years later Koenig and Brodhun measured the values of
4I/I over the whole range of intensities for white light and for six portions of the spectrum. Like Aubert they found that as I increases zxI/r~ decreases steadily to a minimum; at still higher intensities, beyond those at which Aubert worked, they found 4I/1 to increase again.
In 1918 Blanchard repeated the measurements with white light up to but not including very high intensities, and found AI/I to decrease steadily in much the same way as had Aubert. Since 1924, when it was shown that, plotted as aI/I against log I, the data of these four observers could be superimposed on a single graph (Hecht, 1924 b) , there have been some minor additions to the data. HoUaday (1927) , as part of a study of glare, determined 4I/1 for a portion of the intensity range, and secured data which resemble those of Koenig and Brodhun, without, however, going to high enough intensities to confirm or deny the rise of 4I/1 found by them. Over a small range of high intensities Lowry (1931) Some of these show an increase in &I/I at high intensities, but the measurements as a whole are very irregular, and such details of the procedure as are given do not inspire confidence in the data. The increase in &I/I at high intensities will be dealt with more explicitly in a few pages.
The common practice of plotting AI/I arithmetically against log I tends to compress the low values of AI/I into a small space at the bottom of the graph. Therefore, for reexamining the available data with a view to ascertaining their relationship to the present formulation, they have been plotted as log AI/I against log I.
The data for Aubert's eye are shown in Fig. 5 . The points are single measurements, and are therefore fairly rough, but their significance is unequivocal. The data clearly range themselves into two parts.
As the intensity increases, &I/I first decreases sharply and then reaches a plateau which continues for at least one log unit, after which 2xI/I again drops sharply. The two parts are a demonstration of the duplicity theory, in terms of which the low intensity limb represents the function of the rods, and the high intensity limb that of the cones. The two sections of the data are fitted by the equations developed in the present theoretical treatment. The low intensity data are not good enough for a choice between equations (11) and (15), but they are adequate tentatively to rule out equation (13). Equation (15) has been drawn through them, because the dark adaptation of the rods indicates that the dark reaction is probably bimolecular (Hecht, 1934) . The data for the high intensity cone portion are too limited for a critical choice among equations (11), (13), and (15). The curve drawn through them is from equation (13), but this is on the basis of the other measurements to be considered.
Leaving Koenig and Brodhun's white light data to one side for the moment, let us examine Blanchard's data shown as plain circles in Fig. 6 . They do not cover quite so large a range as Aubert's, but the points are smooth, and precisely determined. It is striking that these data also break by themselves into two portions. The curve through the rod portion is again from equation (13), though the curves from (11) and (13) are indistinguishable from it for the very small portion covered by the few points. The cone portion containing only six points may be supplemented by Lowry's measurements made in the same laboratory thirteen years later, which cover the higher intensities. For the intensities at which they overlap, Lowry's zXl/I values are slightly lower than Blanchard's; they have accordingly been raised 0.15 log units along the ordinates in Fig. 6, so Loq Z FIO. 5. Aubert's measurements of the intensity discrimination of his own eye. The intensities are those given by Aubert. Judging by his description of the experiments, they should be divided by 500,000 to convert them into millilamberts. The data strikingly break into the two sections representing rod and cone functions. The curves are from Fig. 1 , the one at low intensities representing equation (15), and the one at high intensities equation (13). Blanchard's. The curve through the data is from equation (13) and is the only one of the three equations which passes through the points.
These measurements were all made with large test fields and with white light, and show the separate presence and function of the rods and cones. Fig. 7 contains the data of Koenig and Brodhun for the red, orange, and yellow portions of the spectrum using a rectangular field 4 ° x 6 °. Since the extreme red light of the spectrum even at low intensities is more effective for the cones than for the rods, it is not surprising to find that the points for 670 m/z lie on one continuous curve and show no trace of the break so strikingly present with white light. The data are fitted only by equation (13) 
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Fie. 6. The measurements of Blanchard are the plain circles; those of Lowry are the black circles. The curves are the same theoretical ones as for Aubert's data in Fig. 5 . Note here too the natural breaking of the data into two sections indicative of rod and cone functions.
used for the cone portions of Figs. 5 and 6. The data for 605 m# and for 575 m# show the usual discontinuity and the separate presence of rod and cone function. As would be expected from the relative effectiveness of 605 and 575 m/z at low intensities for rods and cones (Hecht and Williams, 1922; Kohlrausch, 1922; Hecht and Verrijp, 1933 ) the rod portion for 575 mtz is larger than for 605 mtz. The cone portions of 605 and 575 m# are fitted only by the same equation (13) which has been used for all the cone data.
Judged by the available data so far presented, the theory seems to be successful in describing intensity discrimination for the human eye. There are two things, however, which need to be discussed, both con- cerning the data of Koenig and Brodhun. The first is the increase in AI/I at high intensities found by these workers; the rise is present in the three sets of spectral data shown in Fig. 7 , and in the white light data of the same observers shown in Fig. 8 . If we compare these data with those in Fig. 6 it is apparent that Lowry's AI/I values are practically constant at brightnesses easily fifty times as high as those at which Koenig and Brodhun's AI/I values have already risen sharply. Their rise is therefore suspicious and may be due to the way the measurements were made. Dr. 3acinto Steinhardt, who has been studying the intensity discrimination of his own eye, has informed me that the appearance of this rise in ~I/I depends on the illumination surrounding the test field and on the adaptation of the eye. The better the adaptation, the less evident is the upturn; and when adaptation is complete, there is little or no upturn for the high intensities, especially when there is a good sized field surrounding the test area. Koenig and Brodhun had no surround to their test field, s
The second thing about Koenig and Brodhun's data is not so easily understandable. Fig. 8 shows their measurements with white light, and it is apparent that these resemble neither Aubert's nor Blanchard's, nor indeed their own data with orange and yellow light, particularly the latter which usually produces effects very similar to white light. They show no clear division into two parts., and though the points fall around two theoretical curves such as are shown in Fig. 6 , they are not really fitted by them. Holladay's data, though few and scattered, resemble Koenig and Brodhun's measurements more than Aubert's and Blanchard's. Even more puzzling are Koenig and Brodhun's blue and violet data. Since at low intensities the rods are more sensitive than the cones to blue light, it might be expected from what has been found with red, orange, and yellow light in Fig. 7 , that these data would show a large rod portion and only a small cone portion.
Yet the data show only a continuous and shallow decrease in AI/I with no indication of a break. Nor do the points fall on any of the three theoretical curves.
There is the obvious possibility that at those intensities where both 6 Mr. J. Gould of the National Physical Laboratory in discussing Houstoun's recently reported measurements of M/I records an experiment, which he has kindly demonstrated to me, which shows simply and convincingly that the rise in ~I/I at high intensities is "entirely factitious and depends on the degree of adaptation to each field-intensity which prevails when the observation is made" (p. 180, Report of a joint discussion on vision, Physical Society, London, 1932 (Koenig's eye) . The intensity is in Koenig's original units. Though there is an indication of an inflection between the fourth and fifth point from the left, it is slight and distinctly different from that present in Koenig's own yellow data in Fig. 7 , and in Aubert's (Fig. 5) , and Blanchard's data (Fig. 6 ). Moreover none of the theoretical curves of Fig. 1 really fit the points.
because their data with yellow, orange, and red light present a significantly different appearance from their data with white, blue, and violet light. Some condition in the procedure must be responsible for the difference, but unfortunately Koenig and Brodhun published only the scantiest technical details, and leave one at a loss to know what this condition is.
Steinhardt's measurements, soon to be published, confirm these doubts. Steinhardt measured AI/I over the whole visual intensity range for a variety of test field sizes. His results, obtained over several years, are essentially uniform, and he has kindly permitted me to refer to them here. For white light and test areas larger than 2 ° the data, without exception, fall on a double curve similar to the data of Aubert and of Blanchard, while for smaller, foveally fixated areas, they always form single curves like those of Koenig and Brodhun with light of 670 m~. Fig. 9 shows two examples. The upper data are for white light and a test area 56 / in diameter, having a large surround in order to
Steinhardt's measurements with white light. The upper data are with a field 56' in diameter; the lower with a field 3o44 ' in diameter. The upper data show only cone function and are described as usual by the curve from equation 03). The lower data show both rod and cone function; the curve through the former is from equation (15), while through the latter it is from (13).
maintain the eye as a whole at the intensity of the measurements. This size of test field falls entirely within the rod-free area of the fovea. The data are continuous and show no inflection point. The only curve which passes through the points is from equation (13) and is the one which has been used with the other cone data. The lower data in Fig. 9 were chosen because they are with a field size of the same order of magnitude as Koenig and Brodhun's. They happen to be one of Steinhardt's earliest set of measurements, but like all others, they dearly resemble the white light data of Aubert and of Blanchard, and not those of Koenig and Brodhun. The curves drawn through them are as usual from equation (15) for the short piece at low intensities, and from equation (13) for the rest of the data.
It is no pleasure to question even a portion of the data of such eminent investigators as Koenig and Brodhun. But these comparisons show that those of Koenig and Brodhun's data which agree with the measurements of other investigators are adequately described by the theory, whereas those which are not fitted by the theory are not corroborated by other investigators both before and after Koenig and Brodhun. SUMX~ARY 1. A theory of visual intensity discrimination is proposed in terms of the photochemical events which take place at the moment when a photosensory system already adapted to the intensity I is exposed to the just perceptibly higher intensity I+AI. Unlike previous formulations this theory predicts that the fraction AI/I, after rapidly decreasing as I increases, does not increase again at high intensities, but reaches a constant value which is maintained even at the highest intensities.
2. The theory describes quantitatively the intensity discrimination data of Drosophila, of the bee, and of Mya.
3. With some carefully considered exceptions the intensity discrimination data of the human eye fall into two classes: those with small test areas or with red light, which form a single continuous curve describing the function of the retinal cones alone, and those with larger areas, and with white, orange, and yellow light, which form a double curve showing a clear inflection point, and represent the separate function of the rods at intensities below the inflection point and of the cones at intensities above it.
4. The theory describes all these data quantitatively by treating the rods and cones as two independently functioning photosensory systems in accordance with the well established duplicity idea.
5. In terms of the theory the data of intensity discrimination give critical information about the order of both the photochemical and dark reactions ill each photosensory system. The reactions turn out to be variously monomolecular and bimolecular for the different animals.
